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SEMICONDUCTOR DEVICE AND METHOD
OF MANUFACTURING SEMICONDUCTOR
DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a divisional of and claims the benefit
of priority from U.S. application Ser. No. 10/772,280, filed

Feb. 6, 2004 now U.S. Pat. No. 7,053,455 and 1s based upon
and claims the benefit of priority from the prior Japanese
Patent Application No. 2003-031466, filed Feb. 7, 2003, the

entire contents of which are incorporated herein by refer-
ence.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a semiconductor device
and a method for manufacturing the same, and more par-
ticularly, to a semiconductor device containing an nsulating
film having a high dielectric constant, and a method for
manufacturing the same.

2. Description of the Related Art

Recently, as the next generation gate insulator replacing
an silicon dioxide film (S10, film), expectations for high
dielectric films such as metal silicate films including an HI
silicate film (HIS10 film) have increased. Since the dielectric
constant of the Hf silicate film 1s higher than that of an $10,
f1lm, the equivalent oxide thickness (EOT) of the Hf silicate
film can be reduced while keeping suflicient physical thick-
ness to suppress leakage current.

To form an effectively thin gate insulator, the dielectric
constant of the film 1s desirably as high as possible. Such a
dielectric film can be attained by increasing the amount of
Hf 1n the film. However, an excessively large amount of HI
1s reported to cause phase separation and crystallization of a
film, increasing leakage current.

To prevent the crystallization, use of an HIS1ON film

formed by adding N to an HfS10 film has been proposed (M.
R. Visocay et al., Appli. Phys. Lett., 80, 3183 (2002)).
According to the proposal, 1t 1s confirmed that when an
H1iS10 film and HIS10N film are heat-treated for 60 seconds
in an N, atmosphere, the HfS10 film 1s crystallized at 1,000°
C., whereas the HIS10 film remains in amorphous even at
1100° C.

However, as a result of our mvestigation, we have found
that since an HI—N bond 1s not present in the films formed
by conventional methods, it 1s not easy to increase the
concentrations of both Hif and N.

Therefore, the ratio (percentage) of HI/(H1+S1) of a con-
ventional HIS1ON film remains at most about 44%. There-
fore, an HIS1ON film having a high dielectric constant
capable of suppressing crystallinity and leakage current has
not yet been realized.

It has been confirmed that the HIS1ON film formed by an
on-axis sputtering method contains HI—N bonds in an
amount of less than 1%. Therefore, an HIS1ON film con-
taining a large amount of HI cannot be obtained.

As described, 1t has been dithcult to form an HS1ON film
having a high dielectric constant, capable of suppressing
crystallinity and leakage current.

Under the circumstances, the present invention 1s directed
to providing a semiconductor device having an insulating,
film formed of a nitrogen-incorporated metal silicate film
with a high dielectric constant, capable of reducing leakage
current lower than an oxide film, and suppressing crystal-
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2

limity and also directed to the method for manufacturing
such a semiconductor device.

BRIEF SUMMARY OF THE INVENTION

According to one aspect of the present invention, there 1s
provided a semiconductor device comprising: a substrate; an
isulating film formed above the substrate and containing a
metal, S1, N and O, the msulating film containing metal-N
bonds larger than the sum total of metal-metal bonds and
metal-S1 bonds; and an electrode formed above the insulat-
ing {ilm.

According to another aspect of the present invention,
there 1s provided a semiconductor device comprising: a
substrate; an msulating film formed above the substrate and
containing a metal, S1, N and O, the insulating film being
amorphous and containing a metal-N bond; and an electrode
formed above the insulating film.

According to another aspect of the present invention,
there 1s provided a method for manufacturing a semicon-
ductor device comprising: forming an insulating film con-
taining a metal, S1, N and O, above a substrate by an oil axis
sputtering method, the msulating film containing metal-N
bonds larger than the sum total of metal-metal bonds and
metal-S1 bonds; and forming an electrode above the 1nsu-
lating film.

According to another aspect of the present invention,
there 1s provided a method for manufacturing a semicon-
ductor device comprising: forming a nitride film having a
ofl-stoichiometric composition containing a metal and Si
above a substrate by an off-axis sputtering method; oxidiz-
ing the nitride film to form an insulating film containing
metal-N bonds larger than the sum total of metal-metal
bonds and metal-S1 bonds; and forming an electrode above
the 1msulating {ilm.

According to another aspect of the present invention,
there 1s provided a method for manufacturing a semicon-
ductor device comprising: forming an oxide film having a
ofl-stoichiometric composition containing a metal and Si
above a substrate by an ofl-axis sputtering method; nitriding
the oxide film to form an 1nsulating film contaiming metal-N
bonds larger than the sum total of metal-metal bonds and
metal-S1 bonds; and forming an electrode above the 1nsu-
lating film.

According to another aspect of the present invention,
there 1s provided a method for manufacturing a semicon-
ductor device comprising forming a metal silicide film
having a off-stoichiometric composition containing a metal
and S1 above a substrate by an ofl-axis sputtering method;
oxynitriding the metal silicide film to form an 1nsulating film
containing metal-N bonds larger than the sum total of
metal-metal bonds and metal-S1 bonds; and forming an
clectrode on the isulating film.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

FIG. 1 1s a graph showing the X-ray photoelectron spec-
troscopy (XPS) measurement results, that 1s, an Hi41 spec-
trum of an HIS1ON film, according to one embodiment of
the present mnvention;

FIG. 2 1s a graph showing the XPS measurement results,
that 1s, an S12p spectrum of the HIS1ON film according to
one embodiment of the present invention;

FIG. 3 1s a graph showing the relationship between
equivalent oxide thickness (EOT) of an HIS1ON film and Jg
where Vg=Vib-1(V);
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FIG. 4 1s a graph showing the relationship between the
oxygen atomic percentage (QQ ) and nitrogen atomic per-

centage (N_,) ol an HIS1ON film:;

FIG. 5 1s a graph showing a band gap of an HIS10ON film;

FIG. 6 1s a graph showing the relationship between
voltage and leakage current;

FIG. 7 1s a graph showing an in-plane x-ray diffraction
(XRD) pattern of an HIS10N {ilm according to one embodi-
ment of the present invention;

FIG. 8 1s a transmission electron microscope (TEM)
image showing a sectional view of an HIS10N film after heat
treatment;

FIG. 9 1s a TEM 1mage showing a crosssection view of
another HIS1ON film after heat treatment; and

FIG. 10 1s a sectional view of a semiconductor device
according to one embodiment of the present invention.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

Embodiments of the present invention will be explained
with reference to the accompanying drawings.

As the results of intensive studies, the present inventors
found that the leakage current increases when the both HI
and N concentrations of a conventional HIS1ON film are
simply 1ncreased for the reasons mentioned below.

The conventional HIS1ON {ilm 1s an insulator contaiming
S1—N bonds, S1—O bonds, and H+—O bonds. The com-

position 1s represented by the following formula.
(HfOE)x(SIOE)y(SISNﬁl) 1-x-y3

where O<x<1 and O<y<]

Since N binds only to Si1, when the concentration of N
increases, the concentration of S1 1nevitably increases
whereas the concentration of HI decreases. Conversely,
when the HI concentration increases, the concentration of N
decreases. In an attempt to increase both HI and N concen-
trations of the HifS1iON film, Hf+—Hf bonds and Hf{—Si1
bonds are naturally contained in addition to the S1—N
bonds, S1—O bonds, and HI~—O bonds. However, because
of the HI—HT1 bonds and the HI——S1 bonds being metallic
bonds, when both Hf and N concentrations simply increase
in a conventional HIS1ON {film, leakage current occurs.

When HI—N bonds are present in an HIS1ON film in
addition to S1—N bonds, S1—O bonds, and Ht—O bonds,
the composition of the film 1s expressed by the following
formula:

((8103); L (S13N4),) 1 (HIO), ,(HEN,) ),

where O<x, y, z <1, a=%3
In the HIS1ON {ilm having the aforementioned composi-
tion, the concentrations of Hf and N can be increased. In

addition, 1t 1s found that HI—N bonds, different from
Hi—H{f bonds and Hf—S1 bonds, do not increase the

leakage current 1f they are contained 1n the film. However,
to obtain the effect of the HI—N bonds, H——N bonds need

to be present larger than the sum total of the Hi—HI bonds
and HI—S1 bonds. It 1s more desirable that metallic bonds
such as HI—HT1 bonds and HI—S1 bonds are not substan-
tially present.

As a result, the concentrations of Hf and N were success-
tully increased without increasing the amount of leakage
current, enabling the formation of a film having a high
dielectric constant.

The HIS1ON film contammg a large number of HI—N
bonds can be formed by an off-axis sputtering method. In a
general on-axis sputtering method, a sputtering target is
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arranged at a position facing a substrate, whereas, 1 an
oll-axis sputtering method, the sputtering target 1s arranged
at a position not facing the substrate, more specifically,
arranged at a position perpendicular to the substrate. With
this arrangement, 1t 1s possible to prevent the invasion of
highly accelerated 1ons and neutral atoms from a target into
a film.

More specifically, 1n the on-axis sputtering method, the
highly accelerated particles or 1ons enter a film almost at a
right angle during film formation. Before bonds are sufli-
ciently formed, next deposition takes place In contrast, 1n
the off-axis sputtering method, partlcles or 10ns do not enter
the film. As a result, nitrogen 1ons are diffused into a film
surface and bonded to not only Si but also Hi, thereby
obtaining HI—N bonds.

Since the formulation and the bonding state of 1ons are
influenced by the difference in film formation mechanism,
an HIS10ON film containing HI—N bonds can be formed by
the off-axis sputtering method.

When forming an HIS1ON film by the off-axis sputtering
method, an HIS1ON film can be formed directly on a
substrate. To describe more specifically, HIS1ON film can be
formed by sputtering an HiS1 O N, target (containing
Hi—N bonds 1n an amount of 1% or more based on the total
number of all bonds) 1n an Ar atmosphere or by sputtering
an HIS1_target (x>1) 1n an atmosphere containing Ar, N, and
O,. Alternatively, the HIS1ON {ilm can be formed by sput-
tering, 1n a predetermined atmosphere, at least one target
selected from HI, HIO_, HI;N, and HIN_ (x<2) 1n combi-
nation with at least one target selected from Si1, S10_ (x<2)
and S1IN_ (x<%3). The conditions of the sputtering are not
limited as long as it 1s an ofl-axis sputtering.

When an HfS1ON film 1s treated with heat, it 1s desirable
that an antioxidant film 1s formed on the HIS1iON film in
advance. It 1s preferable that the antioxidant film 1s formed
on the HIS10ON film continuously right after the formation of
the HIS10ON film by using poly-Si, poly-Ge or a metal. When
a transistor 1s formed by using the HIS1ON {film as a gate
insulator, the antioxidant film can be used as a dummy gate,
which thus may be removed after the heat treatment.

The HIS1ON film may also be formed by depositing a
nitride (HIS1N) film having a off-stoichiometric composition
by an oil-axis sputtering method, followed by oxidizing it.
The HIS1N film having a off-stoichiometric composition can
be oxidized by rapid thermal annealing (RTA), spike anneal-
ing at atmospheric pressure 1n an O, ambient, plasma
oxidation, or radical oxidation. Alternatwely, the HIS10N
f1lm may be formed by depositing an HIS10 film having a
ofl-stoichiometric composition by an ofl-axis sputtering
method, followed by nitriding 1t. Nitridation can be per-
formed by rapid thermal nitridation (RTN), plasma nitrida-
tion, radical nitridation, or spike annealing in N, atmo-
sphere. Furthermore, the HIS1ON film may be formed by
depositing an HIS1 film having a off-stoichiometric compo-
sition by an off-axial sputtering method, followed by oxyni-
triding 1t. The oxynitridation process may be performed by
heat treatment in NO gas.

When the off-stoichiometric HISIN film 1s formed, a
target formed of, for example, HIS1_or HIS1IN may be used.
Alternatively, sputtering may be performed 1n a predeter-
mined atmosphere by using a target formed of Hf or HIN in
combination with a target formed of S1 or SiN.

When a off-stoichiometric HIS10 film 1s formed, a target
tormed of HiS1, (x<I) or HtS1,0, (x<1 and y<2) may be
used, or alternatively, a target made of Hf or HIO_may be
used 1 combination with a target of S1 or S10_ as a

sputtering target.
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In either case, the film having a ofl-stoichiometric com-
position need to be formed by sputtering in order to make
oxidation proceed easily and lower the oxidation tempera-
ture to suppress the oxidation of an S1 substrate. After an
HIfS1ON film 1s formed, heat treatment 1s performed 1in
vacuum, O,, N,, H,, or H,/N, atmosphere at a temperature
of 450 to 1100° C., thereby repairing defects 1n the film to
increase the film density. As a result leakage current can be
suppressed and dielectric constant can be increased.

When an HiS1 film having a ofi-stoichiometric composi-
tion 1s formed, a target formed of HIS1 _(x<1) may be used.
Alternatively, sputtering can be performed by using a target
formed of Hf may be used in combination with a target
formed of Si.

Now, an example 1n which an HIS1ON film 1s formed by
depositing an HISIN film on a p-type S1 (100) substrate by
an off-axis sputtering method, followed by oxidizing the
HISiN film will be explained below.

A p-type S1 (100) substrate was subjected to a common
washing process (standard cleaning) performed with SC2
(HCI/H,O,/H,O) and then to HF treatment. Subsequently,
the substrate was washed with running pure water, dried and
introduced 1nto an ofl-axis sputtering apparatus.

In an ofl-axis sputtering apparatus, Hf target and S1 targets
were previously arranged individually with right angles to a
substrate to be used. Into the off-axis sputtering apparatus, a
p-type S1 (100) substrate was introduced, the Hf and Si
targets were sputtered in an Ar or N, atmosphere to obtain
an HISIN film having a ofi-stoichiometric composition.

The HISiN film thus deposited was taken out 1n the air and
then introduced into rapid thermal annealing (RTA) appa-
ratus, in which RTA was performed at atmospheric pressure
in an O, ambient, thereby forming an HISION film. The
HIS10ON film thus obtained was measured by X-ray electron
spectroscopy (XPS) using AXIS-ULTRA sold by Kratos
Analytical of Shimazu Group.

The obtained Hi41 spectrum 1s shown by a solid line in
FIG. 1. For comparison, the Hi41 spectrum of an HIS10 film
1s shown by a broken line. In the spectrum of FIG. 1, the
peaks of about 19.7 eV and 18.0 eV of the broken line
exhibited the presence of HI—O bonds. Since peaks of the
solid line were present at points on slightly lower energy
side of the peaks of the broken line, the presence of HI—N
bonds 1n the HIS10ON film was 1dentified. The fact that there
were no peaks at about 13 €V and 15 eV clearly demon-
strates that metallic bonds (Hf—S1 bonds and Hi—H{
bonds) were not substantially present in the HIS1ON film.

Since the detection limit of XPS 15 1%, 1t was found that
the concentration of the HI—N bonds was 1% or more by
molecular percentage. To suppress the crystallization of an
H1S10ON film, the concentration of HI—N bonds must be 1%
Or more.

Furthermore, Rutherford Backscattering Spectroscopy
(RBS) measurement demonstrated that the ratio of HI/(Hi+
S1) 1n the HIS1ON film 1s about 47%. Since HI—N bonds
were formed, Hf was contained in a larger amount than a
conventional case. As described, HI—N bonds need to be
contained 1n 1 atomic % or more and the ratio of Hi/(Hi+S1)
1s about 47%. Due to the ratio of Ht/(H1+S1) being 47%, the
HiS10N film has a dielectric constant of 15 or more. This 1s
confirmed based on measurement of capacitance.

The Si12p spectrum of the same whole HIS1ON film
obtained by XPS measurement 1s shown in FIG. 2. In FIG.
2, the peak at about 103 eV revealed the presence of S1—O
bonds. The peak at about 102 ¢V (at the lower energy side
than 103 eV) revealed the presence of S1—N bonds. There
was no peak at about 98 to 100 eV. This fact clearly
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demonstrates that no metallic bond (S1—Si1 bonds and
Hi—S1 bonds) substantially existed.

From the results of FIGS. 1 and 2, it was demonstrated
that HI—O, S1—O, S1—N, and HI—N bonds are present in
the HIS1ON film. RBS measurement revealed that the con-
tent of N 1s 28.5 atomic % or more. The result measured by
the XPS usually show content of each bonds of whole film.

Those spectrum peak of each bond may change depending,
on metal/(metal+S1) ratio of the film, therefore the position
of binding energy of each bond 1n the film may be deter-
mined based on the metal/(metal+S1) ratio of the film and
positions of binding energies of HI—O bond and S1—O
bond of the film having the metal/(metal+S1) ratio.

The spectrum peaks may also be measured by Energy
Dispersive X-ray Fluorescence Spectrometer (EDX) or by
Electron Energy Loss Spectroscopy (EELS).

The graph of FIG. 3 shows the relationship between the
equivalent oxide thickness (EOT) of an HIS10N film and the
leakage current density Jg at Vg=Vib—v1(V) where Vg is a
gate voltage and Vib 1s a flat band voltage. The graph also
shows trend lines for an 510, film and a conventional
HiS10ON film (indicated as Ref.) based on the results previ-
ously reported.

From the graph of FIG. 3, leakage current (Jg) tends to
increase as EO'T decreases. The leakage current (Ig) 1s lower
than that of S10, by not less than four orders of magnitude
and lower than the conventional HIS1iON film (Ref.) by
about two orders of magnitude. This 1s considered due to the
ratio of HI/(Hi+S1) of the conventional HIS1ON film (Ref.)
being as low as about 40%. In particular, the leakage current
from the HIS1ON film having about 0.6 nm thick (in terms
of EOT) was reduced by about five orders of magnitude
compared to that of the S10, film.

It has not been 1dentified that HI—N bonds are present in
a conventional HIS1ON film formed by an on-axis sputtering
method. To confirm this, an HIS1ON film was formed by an
on-axis sputtering method in the same manner as described
above except that S1 and HI targets were arranged at the
positions facing a substrate.

The HIS1ON film thus obtained was subjected to XPS
measurement. As a result, HI—N bonds were not detected
but detected a large number of metallic bonds such as
Hi—HT{ bonds and Ht——S1 bonds. At this time, the ratio of
Hi/(Hif+S1) 1n the HiISiON film was about 39% and the
content of N was about 25 atomic %. Since the ratio of
Hi/(H1+S1) 1s about 39%, the dielectric constant of the
HiS1ON film remains about 13.

As described, in the HIS1ON film having no Hi—N
bonds, large leakage current 1s generated due to the presence
of a large number of metallic bonds, and crystallization
occurs due to insutlicient N content. Furthermore, the dielec-
tric constant 1s limited due to 1n suflicient Hf content.

Since the HIS1ON film of the embodiment of the present
invention does not substantially contain metallic bonds but
contain HI—N bonds, Hf and N are contained in consider-
ably large amounts compared to a conventional HISiON
film. Therefore, 1t becomes possible to increase a dielectric
constant, suppress crystallization and reduce leakage cur-
rent.

The graph of FIG. 4 shows the relationship between
oxygen atomic percent (O, ) and nitrogen atomic percent
(N _) in the HISiON films. As 1s shown in the figure,
although the HIS10ON films differ in ratio of HI/(Hf+S1), the
oxygen atomic ratio and the nitrogen atomic ratio are
approximately distributed along a straight line. In other
words, (O_,) and (N_)) satisiy the relationship represented-
by formula (1) below:
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2(0,47)+3 (N, ) =4 (S, )+(Hi ) (1)

with the proviso that (O_,) and (N _,) satisty the relation-
ship represented by formula (2) below:

(Oar)+(Ngp)+(S1,,)+(H1,,)=100 (2)

On the assumption that (Hf ) 1s zero, this relationship
satisfied by (O_)) and (N_ ) will be equal to that of S1ON film
having a stoichiometric composition. In the case of SION
film, S1 having 4 coordinations to N (3 coordinations) or O
(2 coordinations). Theretfore, if (Ht ) 1s 0, the S1ON f{ilm
satisfies the condition represented by the formula (1).

Hence, the S10ON can be regarded as a pseudo-binary alloy
(S. V. Hattangady et al., J. Vac. Sci. Technol. Al14, 3017
(1996)) represented by formula (3).

(8105),(S13Ny) (3)

From formula (1), the HIS1ON film according to the
embodiment of the present invention 1s considered as the
same as stoichiometric SION whose Si 1s partially replaced
with Hf. On the analogy of pseudo-binary alloy model
represented by formula (3) of an S1ON film the HIS1ON film
can be expressed by a pseudo-quaternary alloy represented
by formula (4) below:

(H1O,) (S105); ) (HEN )v(S13N,) l—_}?) 1-z

where 0<x, v, z <1

In formula (4), x and y are variables expressing degrees
of freedom of O and N 1n preferentially binding to either HI
or Si.

It HIS1ON 1s expressed by formula (4), HI—N bonds
have a nature of the short-range order of HI;N,. This 1s the
point to be especially notified. It 1s well known that HIN 1s
a metal. When HIN 1s a metal, Hf and N are present 1n the
ratio of 1:1. However, When HIN 1s present in the ratio of
Hi:N=3:4, that 1s, Hf;N_, 1s not a metal but an insulating
maternial (B. O. Johnson et al., J. Mater. Res. 1, 442 (1986);
P. Kroll, Phys. Rev. Lett. 90, 125,501 (2003)).

On the assumption that the HIS10ON film according to the
embodiment of the present imvention contains an alloy of
Hi, N, the HIS1ON film should be present at the lower side
of HI;N, 1n FIG. 4. However, actually, the HIS1ON film 1s
distributed approximately along the line indicated by HI;N,
satistying formula (4). From this fact, the HI—N bonds

contained 1n the HIS1ON {ilm may be said as the same
dielectric bonds as HI;N,,.

Further note that, simply because Hi satisfies formula (4),
it cannot be said that Hf has the same four coordinations as
S1. This 1s because the numbers of valences of N and O may
also-change 1n accordance with Hi. More specifically, i1 HI
has X coordination (X 1s 4 to 8), O and N are set at X/2
coordination and 3X/4 coordination, respectively, there 1s no
discrepancy 1n formula (4).

Next, the band gap Eg of an HIS1ON film was examined
by Reflection Electron Energy Loss Spectroscopy (REELS).
The results are shown 1n FIG. 5. Since the ratio of HI/ (Hi+
S1) 1s 80%, and a value (N _) 1s as high as 20 and 35%, a
large number of HI—N bonds are present in the HISiON
f1lm. When the HI—N bond 1s a metallic bond, the band gap
approximates zero. Actually, the band gap of the film 1s
about 3 eV or more. Therefore, it was confirmed that the
Hi—N bonds contained 1n an HIS10ON film according to the
present mnvention are not metallic bonds but dielectric bonds
such as Hf;N,.

An HIS1ON film according to the embodiment of the

present invention may be formed on a S1 substrate via an
interface layer. When the interface layer 1s formed substan-
tially thin so as not to increase the substantial thickness of

(4)
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the entire structure, 1t 1s possible to enhance the performance
of a transistor. Furthermore, it 1s not always necessary for
such an HIS1ON {ilm to have a uniform composition in the

thickness direction. A larger number of HI—N bonds may be
present both surfaces of the HIS1ON film. This case 1s
favorable since the interface layer can be made thinner.

Using the HIS1ON film formed by the off-axis sputtering

method as mentioned above, a structure composed of an Au
clectrode, an HIS1ON film, and p-S1 (100) was formed and
its electric characteristics were checked. The relationship
between the leakage current and the voltage of the HIS1ON
film 1s shown 1n the graph of FIG. 6, in which curve *“a”
shows the results of the HIS1ON film containing N 1n an
amount of 52%, and the ratio of HI/(Hi{+S1) 1s 47%. For
comparison, i FIG. 6, curve “b” indicates the relationship
between the leakage current and the voltage of an S10,, film.

The HIS1ON film and the S10, film were formed with an
ellective thickness of 2 nm. The term “effective thickness”
refers to the electric thickness of the HIS1ON film estimated
by regarding the dielectric constant of the S10, film as 3.9.
From the results shown in the graph of FIG. 6, 1t 1s found that
the current flowing the HIS1ON film 1s lower than that of
S10_ film by one to two orders of magnitude at all voltage
values. When an electric field of 5 MV/cm 1s applied to the
HiIS1ON {ilm, the leakage current of the HIS1iON film
becomes lower than that of S10, film by two orders of
magnitude.

As already explained in the above, 1n a conventional
HiS1ON film containing no Hi—N bonds it has been
impossible to suthciently increase 1ts Hi concentration and
reduce the leakage current. In contrast, in the HIS1ON film
according to the embodiment of the present invention, since
Hi—N bonds are contained larger than metallic bonds, the
concentration of HI can be increased. Therelore, leakage
current can be decreased while maintaining a high dielectric
constant. This advantage 1s achieved for the first time by the
present invention.

Similarly, the state of the HIS1ON film formed by an

ofl-axis sputtering method was checked by 1n a plain x-ray
diffraction (in plain XRD) method. The results are shown 1n
FIG. 7. Since the XRD pattern shown in FIG. 7 shows no
peak. This fact means that no crystallization occurs. From
this, 1t 1s demonstrated that the crystallization of HIS1ON
film 1s suppressed. The HIS1ON film remains 1n an amor-
phous state without being crystallized even after the heat
treatment performed at a high temperature of 1,000° C. or
more.

FIGS. 8 and 9 show TEM images showing a crosssection
of an HIS1ON {ilm after the heat treatment.

In the HIS1ON f{ilm shown in FIG. 8, the ratio of HI/ (Hi+

S1) 15 55% and a value of (N ) 1s 38 atomic %. The film was
treated with heat without an antioxidation film provided
thereon. On the other hand, in the HfS1ON film shown 1n

FIG. 9, the ratio of HI/(Hi{+S1) 1s 60% and a value of (N_))
1s 33 atomic %. The film was treated with heat with an

antioxidation film provided thereon.

FIG. 8 shows a crystallized HIS1ON film. An interface
layer of about 5 nm thick 1s observed between the Si
substrate and the interface. In contrast, FIG. 9 shows a
non-crystallized HIS1ON film. The interface layer formed
between the S1 substrate and the HIS1ON film 1s up to about
1 nm.

FIG. 10 shows a crosssection of an example of a semi-
conductor device, an MOS ftransistor, according to one
embodiment of the present invention. The semiconductor
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device of embodiment of the present invention 1s not limited
to the MOS transistor and SOI and a vertical transistors may
be used.

In the MOS transistor shown 1n the figure, the 1solation
region 60 formed of a silicon thermal oxide i1s formed on a
p-type silicon substrate 50, thereby forming the active
region. A source/drain diffusion regions 70, 80 doped with
phosphorus as an impurity are separately formed. Note that
the substrate 1s not limited to bulk silicon. Any substrate may
be used as long as its channel region 1s formed of S1, Ge,
S1Ge or a compound semiconductor.

On the surface of the p-type silicon substrate 30 sand-
wiched by the source and drain diffusion regions, a gate
msulting film 90 of HIS1ON 1s formed by the method
mentioned above and further a gate electrode 180 consti-
tuted by a polycrystalline silicon film 1s formed by a CVD
method. On the gate electrode 180, a silicon oxide film 110
1s formed by the CVD method. On the sidewall of the gate
clectrode 180, a silicon nitride film 120 1s arranged. The gate
clectrode 180 may be formed of a metal such as TiN, Au, Al,
Pt or Ag.

Impurities are activated by annealing to form the source
and drain diffusion regions 70 and 80. The annealing 1is

performed 1n an atmosphere of an inert gas such as N, Ar,
or He, or vacuum.

Although 1t 1s not shown, the gate electrode 180 and the
source/drain diflusion regions 70 and 80 may be overlapped
with each other. In this case, in the overlapped region, a film
such as an S10,, S1;N, or S1ON film having a lower
dielectric constant than an HIS1ON film may be formed.

On the 1solation region 60 and silicon oxide film 110, the
interlayer msulating film 130 formed of a silicon oxide film
1s arranged. On the source and drain diffusion region, an
aluminum electrode 140 serving as wiring 1s formed via a
silicide film 150. Such a structure 1s formed as follows. A
silicon oxide film 1s formed over the entire surface of the
substrate 50 having the i1solation region 60 and the silicon
oxide film 110 to form the interlayer insulating film 130.
Subsequently, a contact hole 1s formed and then an alumi-
num film 1s deposited by sputtering, followed by patterning
it.

The MOS transistor shown 1n FIG. 10 has a gate msulat-
ing film 90 formed of an HIS1ON film containing HI—N
bonds 1 a larger amount than that of metallic bonds.
Because of this, even 1f a high temperature process of 1,000°
C. or more 1s performed, the resultant MOS transistor
showed good operation while the leakage current of the gate
insulating film 1s suppressed low.

The HIS1ON film containing HI—N bonds larger than
metallic bonds can be used as the msulating film between
gate electrodes, a tunnel insulating film of nonvolatile
memory device and the gate mnsulating film of a CMOS
transistor. In these cases, the same effects can be obtained.
Furthermore, when the HIS1ON film 1s used as a capacitor
insulating film of a capacitor, the substantial film thickness
thereot can be reduced while suppressing the leakage cur-
rent.

In the foregoing, a mtrogen-containing metal silicate film
has been explained by way of an example of an HIS1ON
film. However, the present mnvention i1s not limited to the
HifS1ON film. The same discussion can be applied to a
ZrS10N f{ilm and the same eflects can be obtained. Further-
more, when Hf 1s replaced with a lanthanoide series element
such as La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm,
Yb or Lu, a mtrogen-containing metal silicate-film having
the same eflect can be obtained.
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As explained 1n the foregoing, according to the present
invention, 1t 1s possible to provide a semiconductor device
having an insulating film formed of a nitrogen-contaiming
metal silicate film which 1s capable of suppressing the
crystallization of a film, having a suthiciently high dielectric
constant, and reduced 1n leakage current lower than an oxide
film, and further provide a method for manufacturing the
semiconductor device.

The present invention makes 1t possible to improve the
reliability of a semiconductor device such as an MOS
transistor and bring an extraordinary industrial value.

Additional advantages and modifications will readily
occur to those skilled 1n the art. Therefore, the 1nvention 1n
its broader aspects 1s not limited to the specific details and
representative embodiments shown and described herein.
Accordingly, various modifications may be made without
departing from the spirit or scope of the general inventive

concept as defined by the appended claims and their equiva-
lents.

What 1s claimed 1s:
1. A method for manufacturing a semiconductor device,
comprising;
forming above a substrate an insulating film comprising a
metal, S1, N and O, by off-axis sputtering, the insulating
f1lm comprising more metal-N bonds than the total sum
of metal-metal bonds and metal-Si1 bonds; and
forming an electrode above the msulating film.
2. The method for manutacturing a semiconductor device
according to claim 1, further comprising:
doping an impurity into the substrate, after forming the
clectrode, by using the electrode as a mask to form an
impurity diffusion region.
3. A method for manufacturing a semiconductor device,
comprising;
forming above a substrate a nitride film having an ofl-
stoichiometric composition comprising metal and S1 by

!

off-axis sputtering;
oxidizing the nitride film to form an insulating film
comprising more metal-N bonds than the total sum of
metal-metal bonds and metal-S1 bonds:; and
forming an electrode above the mnsulating film.
4. The method for manutacturing a semiconductor device
according to claim 3, further comprising;
doping an impurity into the substrate, after forming the
clectrode, by using the electrode as a mask to form an
impurity diffusion region.
5. A method for manufacturing a semiconductor device,
comprising;
forming above a substrate an oxide film having an ofl-
stoichiometric composition comprising metal and S1 by
oil-axis sputtering;
nitriding the oxide film to form an nsulating film com-
prising more metal-N bonds than the total sum of

metal-metal bonds and metal-S1 bonds; and
forming an electrode above the nsulating film.

6. The method for manufacturing a semiconductor device
according to claim 5, further comprising:

doping an impurity into the substrate, after forming the
clectrode, by using the electrode as a mask to form an
impurity diffusion region.
7. A method for manufacturing a semiconductor device,
comprising;
forming above a substrate a metal silicide film having an

off-stoichiometric composition comprising metal and
S1 by off-axis sputtering;
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oxynitriding the metal silicide film to form an insulating
f1lm comprising more metal-N bonds than the total sum
of metal-metal bonds and metal-S1 bonds; and

forming an electrode on the nsulating film.

8. The method for manufacturing a semiconductor device

according to claim 7, further comprising:

doping an impurity into the substrate, aifter forming the
clectrode, by using the electrode as a mask to form an
impurity diffusion region.

9. The method for manufacturing a semiconductor device 10

according to claim 1, wherein the metal 1s Hi, the content of
N 1n the 1mnsulating film 1s 28.5 atomic % to 52 atomic %, the
content of the metal-N bonds 1n the insulating film 1s 1
atomic % or more, and metallic bonds formed by the
metal-metal bonds and metal-S1 bonds are not substantially
present.

10. The method for manufacturing a semiconductor
device according to claim 3, wherein the metal 1s Hi, the
content of N 1n the isulating film 1s 28.5 atomic % to 52
atomic %, the content of the metal-N bonds 1n the 1msulating

15
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film 1s 1 atomic % or more, and metallic bonds formed the
metal-metal bonds and metal-S1 bonds are not substantially

present.

11. The method for manufacturing a semiconductor
device according to claim 5, wherein the metal 1s Hi, the
content of N 1n the insulating film 1s 28.5 atomic % to 52
atomic %, the content of the metal-N bonds 1n the insulating
film 1s 1 atomic % or more, and metallic bonds formed by

the metal-metal bonds and metal-Si1 bonds are not substan-
tially present.

12. The method for manufacturing a semiconductor
device according to claim 7, wherein the metal 1s Hi, the
content of N 1n the insulating film 1s 28.5 atomic % to 52
atomic %, the content of the metal-N bonds 1n the msulating
film 1s 1 atomic % or more, and metallic bonds formed by
the metal-metal bonds and metal-S1 bonds are not substan-
tially present.
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